ABSTRACT. Temperature profiles in the surface layers of the ground were measured frequently over a 12-month period beginning in May 1984 at seven sites near Mayo, Yukon Territory. Permafrost is present at six of the sites. The mean annual ground temperature profile at each site displays a thermal offset, with measured mean annual temperatures in the active layer up to 1.7"C higher than in permafrost. Similar mean annual soil temperature profiles are presented from other stations in northern Canada and the U.S.S.R. Such near-surface inflections are not included in conventional models of the thermal regime of permafrost. The data indicate that equilibrium or aggrading permafrost may be present at sites where the mean annual ground surface temperature is above 0°C.
INTRODUCTION
As part of an investigation into the origin of near-surface ground ice in permafrost terrain (Bum, 1986) , the thermal regimes of seven sites near Mayo, Yukon Territory, were monitored at frequent intervals between 29 May 1984 and 1 June 1985. At each site, soil temperatures were measured on thermistors (YS1 44004), calibrated to & O. 1 OC, at intervals of 15 cm to a depth of 2 m. The uppermost thermistor was installed 10 cm below the soil surface. Measurements were made twice weekly between 29 May and 3 September, at weekly intervals until 1 December and subsequently every fortnight until 1 April. Readings were taken twice weekly in April and twice in May 1985.
Mean temperature profiles were computed for the year at each site from these data. In each profile, a "thermal offset" of increasing temperature with proximity to the surface was noticed in the active layer, similar to that calculated by Gold et al. (1972) , Gilpin and Wong (1975) and Goodrich (1978 Goodrich ( , 1982 Goodrich ( , 1983 . The purpose of the present paper is to discuss the form of these profiles, to compare them with other examples and to comment briefly upon the significance of the observations. In particular, attention is drawn to differences between these profiles and those commonly used to describe the thermal regime of permafrost. SITE CONDITIONS Mayo (63'35'N, 135'35'W) has a mean annual air temperature of 4 0°C (Atmospheric Environment Service, 1982) and is in the widespread permafrost zone (Brown, 1978;  Fig. 1 ). Equilibrium permafrost in the area is approximately 70 m thick (Smith and Bum, 1986) . The village lies in the Stewart River valley, about 20 km east of the late-Wisconsinan, McConnell glacial limit (Hughes, 1983) . The study area is located in a body of ice-rich glaciolacustrine sediments 3 km southeast of Mayo (see Bum et al., 1986 Geotherms in "C .
emerging from a thermokarst lake, where permafrost is aggrading. A characteristic feature at all study sites was the slow freezing of pore water below 50 cm, which extended the -0S"C geotherm past late November. The slower cooling rate coincided with snow accumulation at the sites. Table 1 contains a summary of the surface conditions at each site.
A majority of the sites ( 1 , 2 , 4 , 5 , 6 ) are located in the white spruce forest that dominates the study area. At these locations, up to 25 cm of Hypnum spp. peat-moss covers the mineral soil. However, site 3 is grass-covered and surrounded by willow bushes 2 m high, which act as a snow trap in winter. Site 7 is located in a clump of birch trees, where the ground surface is covered with leaf litter.
Mean monthly temperatures and total precipitation recorded at Mayo during the period were close to normal, except in January 1985, when the mean air temperature was 19.6"C higher than the long-term mean. However, the freeze-back period (October to December) was slightly cooler than normal (2°C each month) and the snow cover at the sites moderated the effect of such warming on ground temperatures. At 10 cm, these were within 3°C of those recorded in January 1984 at all sites. In terms of the ground thermal regime, therefore, the year probably conformed reasonably to normal conditions.
MEAN ANNUAL GROUND TEMPERATURES
Mean annual ground temperatures and the maximum active layer depth at each site are presented in Figure 3 . Mean temperatures were calculated by averaging values recorded over the year, with appropriate weight attached to each value to accommodate the varying intervals between observations. A "thermal offset," consisting of higher mean annual temperatures in the upper portion of the active layer than in permafrost, is observed at all sites. Kudriavtsev and Melamed (1972) and Goodrich (1978 Goodrich ( , 1982 have suggested that the offset may be due to the higher thermal conductivity (A) of moist soil when frozen than when thawed (see Farouki, 198 1) and that the offset may be enhanced by the moderating influence of snow cover on ground temperatures in winter (Smith, 1975; Goodrich, 1982) . In addition, any drying of the soil in summer will augment the seasonal change in A further, and both downward movement of "warm" active-layer water in summer and upward movement in winter (Mackay, 1983) may reinforce the asymmetry of seasonal ground temperature profiles. The offset is compatible with conditions of thermal equilibrium or, neglecting the geothermal flux, zero net annual heat flux. Similar near-surface mean annual ground temperature profiles have been reported by Goodrich (1983: Figs. 9-11 ) from a section of the Mackenzie Highway near Wrigley, N.W.T.; others are described below.
The data presented here indicate the magnitude of the offset at relatively undisturbed sites under a "natural" thermal regime. Between 10 cm and the base of the active layer the offset varies from 0.4"C (site 2) to 1.7"C (site 4). These extremes represent dry and wet soil conditions, where the seasonal change in A should be relatively small and relatively large. If the mean annual temperature curve is extrapolated to the surface, these offsets increase to 0.5 and 2.1"C. Projected values for the mean annual ground surface temperature (T,) at each site are included in Figure 3 .
The profiles in Figure 3 indicate that the offset terminates a short distance below the base of the active layer, at which depth there is little seasonal change in A (Goodrich, 1978 (Goodrich, , 1986 . At site 3 the offset continues into permafrost, since the temperature than the geothermal gradient in the region (0.023"C.m"; Burrange -e.g., -0.65 to -0.08"C at 85 cm -leads to congess etal., 1982). This suggests that the warm temperatures are siderable seasonal variation in soil thermal properties (see Kay a residual feature of the lake talk et al., 1981). The offset is also observed in the seasonally frozen
It is important to note that the thermistors were read in the layer at site 7. The mean annual temperature gradient below the morning and early afternoon (PDT). The time lag, with depth, offset at this site is 2.7"C.m", two orders of magnitude greater for the propagation of a sinusoidal surface temperature wave is z,/(KKw), where z is the depth (m), K is the thermal diffusivity of the layer (m2.s"), and w is the angular velocity of the wave (s"). In this case, the time lag of the diurnal surface temperaturewaveatO.1misover5hours,sinceo = 7.27 X 10-5.s",and 2.5 X 10" m2.s'l may be a reasonable value for K (unfrozen) of peat at the study sites (Riseborough, 1985) . Twenty-four hourly measurements of (shielded) air temperature 4 cm above the ground surface made on 25/26 June 1982 under clear conditions indicated that mean diurnal surface temperature may be reached about 1030 PDT. Since thermistor readings were always completed by 1500 PDT in summer, the measurements, at depths of 10 cm and below, underestimated mean daily ground temperatures. Therefore, the thermal offsets presented in Figure 3 , and the associated estimates of mean annual ground surface temperature, are conservative approximations of these phenomena. Tarnocai (1984) has presented mean annual soil temperatures from eight sites near Inuvik, N.W.T., all of which indicate higher mean annual temperatures at the ground surface than at depth. Differences of up to 2.8"C between mean annual soil temperatures at a depth of 2.5 cm and lower in the profile (50 or 100 cm) were recorded. Brown (1973) and Nicholson and Granberg (1973) presented mean annual ground temperature profiles from several sites in northern Canada, but thermal offsets are not ubiquitous in these profiles, in part because the measurements closest to the surface are at depths of 0.5 or 1 m, where the offset may not be apparent (cf. Fig. 3 ). At some sites temperatures increased with depth in the upper layers of permafrost, perhaps because of local factors, such as a particularly thin snow cover. In addition, the interval between observations (one month for Brown 's [1973] data, but not mentioned by Nicholson and Granberg [1973] ) may have been too great to include brief, particularly warm summer periods in the annual mean. We may also note that mean annual soil temperature profiles, such as these, which are derived from short periods of observation, may not display a thermal offset. During a winter with particularly low air temperatures or snowfall, for instance, near-surface soil temperatures may decrease more than usual and reduce, or even eliminate, the offset. Shamshoora (1959) has also presented asymmetric mean annual soil temperature profiles indicating either warming or cooling with depth, and Mills etal. (1977) reported mean annual soil temperatures from Manitoba with similar trends near the surface.
OTHER OBSERVATIONS
Mean annual soil temperature profiles from other sites in northern Canada and the U.S .S .R. are presented in Table 2 . The profiles in Table 2 compiled from Atmospheric Environment Service (AES) (1984) records represent the annual means of daily temperature series; other profiles from sites in the Yukon Territory were compiled from readings made on a fortnightly or monthly basis under the auspices of the Canada-Yukon Soil Survey Unit. These stations were installed in summer 1984: the means are for the period September 1984 to September 1986.
A thermal offset is apparent at a majority of the sites in Table  2 . At others, no offset can be detected. This may be due to dry soil conditions, which would result in a small seasonal change in A. The AES records in Table 2 , except for Haines Junction, Yukon, were acquired at airfields, under grass cover, where sensors are often buried in well-drained, coarse-textured materials. The soil temperature cable at Whitehorse, Yukon, is located under mature coniferous forest, in rapidly drained glaciofluvial outwash sands and gravels.
A comparison of the temperatures at 10 cm and at the base of each profile in Table 2 indicates that only the offsets from the Takhini Valley, Yukon, Fort Simpson and Resolute, N.W.T., Kuujjuaq, Quebec, and Vorkuta, U.S.S.R., are in the same range as those observed at Mayo. The wetness of forest soils at Mayo may lead to greater offsets at the sites. As noted above, the Mayo sites are in "natural" settings and represent conditions in the boreal forest, while many of the sites listed in Table  2 are at dry or disturbed locations. This suggests that the offset may be a more widespread phenomenon than inspection of published soil temperature records might indicate. Watson Lake, Y.T. 3.9 3.8 3.8 3.7 3.9 4.0 2 Whitehorse, Y.T.
1.1 Most discussions of the thermal regime of permafrost terrain do not treat the thermal offset in detail (e.g., Gold and Lachenbruch, 1973; Judge, 1973a; French, 1976; Johnston, 1978; Washburn, 1979; Lunardini, 1981) . Indeed, the simple model of the annual ground thermal regime presented by Brown (1970) commonly accompanies such discussions (Fig. 4) . This model portrays the mean annual temperature increasing monotonically with depth throughout the profile. The calculations of such a model is an over-simplification of field conditions. made within the active layer. Instead, the most accessible informative ground temperature measurements for the determination of permafrost thickness should be made several decimetres below the base of the active layer, some distance below the thermal offset.
The term permafrost was first used by Muller (1945) to refer to ground (soil or rock) that remains below 0°C for a number of years. The data presented here indicate that the mean annual ground surface temperature does not rigorously define the paper indicate that the ground temperatures diagnostic of per- (19787 1983 ) and the data presented here indicate that presence or thickness of permafrost. The offsets reported in this mafrost conditions are those in permafrost itself, which, after all, are the criteria used to define it. -.
1973. Influence of climate and terrain factors on ground temperatures at three locations in the permafrost region of Canada. Proceedings, Second International Permafrost Conference, North American Contribution. Washington, D.C.: National Academy of Sciences. 27-34.
-.
1978. Permafrost. In: Hydrological Atlas of Canada. Ottawa: Fisheries  FIG. 4 . Thermal regime of permafrost as portrayed by Brown (1970: Fig. 6 ).
In addition, the notion that T, must be less than 0°C in order for permafrost to exist (Judge, 1973b:2; Williams, 1982:164) should be modified, since the observations of Tamocai (1984) and Mills et al. (1977) and the data from Mayo sites 3 , 4 and 6 support Goodrich's (1978: Fig. 2 ) demonstration that permafrost may be in equilibrium, or even aggrading, in environments where the mean annual surface temperature is above 0°C. Furthermore, since the magnitude of the offset is not constant between sites, T, per se is not a diagnostic indicator of the presence or absence of permafrost.
